Taking advantage of the new opportunities provided by x-ray free electron laser (FEL) sources when coupled to a long laser pulse as available at the Linear Coherent Light Source (LCLS), we have performed x-ray absorption near-edge spectroscopy (XANES) of laser shock compressed iron up to 420 GPa (±50) and 10 800 K (±1390). Visible diagnostics coupled with hydrodynamic simulations were used to infer the thermodynamical conditions along the Hugoniot and the release adiabat. A modification of the pre-edge feature at 7.12 keV in the XANES spectra is observed above pressures of 260 GPa along the Hugoniot. Comparing with ab initio calculations and with previous laser-heated diamond cell data, we propose that such changes in the XANES pre-edge could be a signature of molten iron. This interpretation then suggests that iron is molten at pressures and temperatures higher than 260 GPa (±29) and 5680 K (±700) along the principal Fe Hugoniot. Several important planetary features such as heat flux, convection within the core, and hence geodynamo and secular cooling are intimately related with core temperature profiles, which, in turn, critically hinge on the melting curve of constituent materials. As a reference, the melting curve of pure iron, the main constituent of Earth's and Earth-like planetary cores, is of a critical importance and has been the purpose of numerous experimental and theoretical works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It remains up to now largely uncertain mainly due to experimental difficulties in reaching and detecting melting of iron at terrestrial inner core boundary (ICB) conditions, where the pressure is of 330 GPa. A significant advance was recently accomplished by coupling laser-heated diamond-anvil-cell (DAC) compression to x-ray diffraction. This latest attempt provided measurements of molten iron up to 150 GPa and in agreement with recent ab initio calculations [4] . However, laser-heated DAC techniques only give access to a limited pressure and temperature range.
Dynamic compression offers the possibility to provide measurement of iron at pressures and temperatures close to the ICB conditions [8] [9] [10] [11] [12] [13] and beyond, as needed for the modeling of planets larger than the Earth. However, previous dynamic compression measurements of the solid-liquid transition along the shock Hugoniot have shown important discrepancies [8] [9] [10] [11] [12] . As a result, the actual melting temperature of iron measured in dynamic compression experiments is showing a variation of more than 2000 K around 250 GPa. Because melting measurements using laser-induced dynamic * marion.harmand@impmc.upmc.fr compression were inferred indirectly using self-emission diagnostics on the surface of the shock front [8] [9] [10] or sound velocity measurements [11, 12] , overheating [5] and transient phases occurring before melting [6, 7] were brought forward to explain such discrepancies. The overall difficulty in diagnosing unambiguously the solid-liquid transition within the short time scales involved in a dynamical process is an open issue that steamed the iron controversy. In addition to the difficulty in measuring temperature during dynamic compression, there is an important need to get structural information in situ during shock compression in order to identify a solid or liquid state of iron.
X-ray absorption near-edge structure (XANES) using synchrotron radiation was recently used with diamond-anvil-cell (DAC) compression to detect liquid iron up to 78 GPa as well as the bcc-hcp transition at 14 GPa [14, 15] . In addition, signatures of molten iron in the XANES spectra were predicted using first-principles simulations [16, 17] . Following recent progresses using XANES spectroscopy in dynamical experiments [18] [19] [20] , we used this diagnostic to determine whether similar signatures could exist along the principal Hugoniot. Compared to x-ray diffuse scattering [4] , the x-ray absorption technique offers the advantage of a higher cross section and therefore requires a lower photon number and thinner samples that are easier to compress homogeneously. It requires broadband x-ray sources and has been coupled to laser based dynamic compression only recently [13, [18] [19] [20] . These latter experiments were using ps secondary x-ray sources either limited to few keV when using M-band emission [21] or requiring ultrahigh energy lasers (40 beams at the Omega facility [13] ). Here we report the XANES spectra of iron at pressure and temperature conditions close to the ICB in the Earth and beyond, by coupling ultrafast time resolved x-ray absorption diagnostics using an x-ray free electron laser (FEL) with laser-induced dynamic compression techniques.
I. DESCRIPTION OF THE EXPERIMENTAL SETUP
The experiment has been performed at the recently commissioned MEC (Matter in Extreme Conditions) instrument at the Linac Coherent Light Source (LCLS) in Stanford, CA, USA. Figure 1 shows the experimental setup that we used to investigate the state of iron along the principal shock Hugoniot [22] . To generate a shock, two long laser pulses (532 nm, 3 ns, from 2 to 7 J per pulse) were focused down to a 200 μm spot size on iron targets leading to intensities of 10 12-13 W/cm 2 . The targets consisted of multilayer samples made of CH/Cu/Fe/Cu/CH. With this particular design, the two Cu layers keep the iron sample in a strong compression as long and uniform as possible. The thickness of this first CH layer was chosen to optimize the ablation and to minimize x-ray radiation from the laser-produced coronal plasma. The strong impedance mismatch between the CH ablator and copper (and then iron) allowed us to get high pressures even though we had a relatively low energy laser [23] . The ∼80 fs, ∼3 mJ, 7.1 keV FEL beam was used to probe the compressed matter. Indeed, the FEL pulse duration is shorter than the processes involved and than the time over which uniform high pressures and temperatures are maintained (here typically on the order of few hundreds of picoseconds). The x-ray FEL brightness (10 12-13 photons/pulses) increases the flexibility of the target design by allowing the use of multilayers and high absorbing materials. By probing shocked iron at different times between the optical pump laser and the x-ray FEL (from 2 to 20 ns delays) and by using different laser intensities, we scanned the phase diagram of iron over a large domain along the Hugoniot, up to 420 GPa and along the release adiabat, down to 12 GPa.
Recently our experimental team has demonstrated the possibility to use x-ray FEL radiation to perform XANES spectroscopy over few tens of eV, restricted to the FEL spectral bandwidth of few percent, around an absorption edge. This required an accumulation over few tens of single shots [24] . Here we use simultaneously two different methods based on shot-to-shot measurement of the incident spectra (see Fig. 1 ). The first one uses bent quartz crystals with the unfocused FEL so that spectrometers are angularly dispersive along the horizontal direction but preserve the spatial information in the vertical direction. Coupled with a half-target design in the first method, only part of the beam goes through the sample while the remaining part of the beam is used for obtaining a reference spectrum or measuring the relative intensity fluctuation between spectrometers if existing. The extraction procedure of the XANES spectra associated with that method is further detailed in [24] . The second method consists of using thin identical Si crystals [25] placed symmetrically before and after the sample to directly measure the incident and transmitted spectra. By using an attenuated and unfocused FEL we also ensure that the x-ray photon intensity is too low to damage the spectrometers or the sample itself. Due to the sharp spectral features of the FEL source [24, 25] we accumulated several single-shots measurements to obtain a XANES spectrum extending 30 eV beyond the iron K edge.
In parallel, a set of two rear side diagnostics was implemented to check shot-to-shot the spatial homogeneity of the shock and to determine the shock velocities (see Fig. 2 ). From two VISARs (velocity interferometer system for any reflector) and a SOP (streaked optical pyrometer) we were able to measure, with a good precision of around 5%, the mean shock velocity in the rear side CH layer using the shock transit time and the initial thickness. Here the SOP was used to measure the shock transit time, as an additional and independent diagnostic to the VISAR, and did not allow us to measure directly the temperature. In addition and for high laser intensity, VISARs gave also the time-resolved shock velocity in CH ( 13 km/s when metallization occurs in CH at pressures higher than 1 Mbar [26] , see Fig. 2 ). For shots at lower intensities, for which the pressure is lower than 1 Mbar and plastic is opaque, the VISAR gave us the shock time transit (and then the mean shock velocity) thanks to ghost fringe disappearance when the shock breaks out in the void from the rear side of the CH layer.
II. EXPERIMENTAL RESULTS AND ANALYSIS

A. Determination of the probed thermodynamic conditions
In such a pump-probe experiment, an important difficulty is to infer thermodynamic conditions (pressure and temperature) of the iron sample at the time of the x-ray probe. To achieve this, we coupled VISAR and SOP measurements with hydrodynamic simulations. This is obtained by adjusting the effective laser intensity in the simulations to reproduce the shock velocity measured with the VISAR and the shock arrival time measured by the VISAR and SOP (see Fig. 2 ). This method has been validated previously in various experimental works [18, 27] . In the present case, we find an average effective intensity of 9×10 12 W/cm 2 for shots using two beams (14 J in total). This is consistent with the specifications of the nanosecond laser taking into account losses of energy due For such intensities, the backside CH layer metallizes and allows the measurements of the instantaneous shock velocity from the two VISARs. On the right, we show the corresponding instantaneous velocity from the two VISARS, overlaid with the shock velocity from hydrodynamic simulations to extract the pressure and the temperature. For lower intensity, we used the shock transit time from the two VISARS and the SOP detectors.
to the phase plates. The efficiency of this approach clearly relies however on the equation of states (EOS) used in the hydrodynamical simulations. For iron, various EOS have been tabulated over the years. In Fig. 3 we see the Hugoniot generated with the SESAME 2140 [28] , the SESAME 2150 [29] , and the Bushman-Lomonosov-Fortov (BLF) [30] . The most recent EOS SESAME table (2150) shows a solid-liquid transition preceded by a solid-solid transition between an extended face centered cubic (fcc) and hcp phases while the BLF EOS shows a melting transition that occurs at much higher temperatures than the SESAME 2150. The SESAME 2140 does not include solid-liquid phase transition and was therefore not considered for the present analysis. In the continuation of the recent results available for iron [4] , we thus generated a new EOS table based on ab initio molecular dynamics simulations. This table extends to the lower pressures and to the liquid phase, the tabulation of the ab initio simulation results published previously in Bouchet et al. [2] . This EOS presents the advantage of a high pressure melting curve in agreement with the latest experimental data [4] that are in turn consistent with the ab initio results. We also see in Fig. 3 that this EOS is consistent with the 2150 SESAME EOS in the liquid phase. Overall, this ab initio EOS is very similar to the SESAME 2150 EOS without the fcc phase extending to high pressures.
As our procedure to extract the pressure and temperature depends on the choice of the EOS, we have tested the sensitivity of the analysis by using three different EOS in the one-dimensional (1D) hydrodynamics simulation (SESAME 2150, SESAME BLF, and the updated ab initio EOS). Figure 4 shows the resulting pressure and temperature profiles within the iron sample and at experimental conditions close to the melting curve. We note that the pressure and temperature are uniform and homogeneous along the iron thickness and that the pressure has relatively little sensitivity to the choice of EOS. For the temperature, it leads to a more important uncertainty, up to ∼500 K in the present case at conditions close to the melting curve, when comparing the BLF and the SESAME 2150 to the ab initio EOS. To further improve our procedure, we have included such variation of the pressure and temperature induced by the EOS into the error bars calculation. We have estimated each single-shot error bars ( P i , T i ) taking into account the sensibility to the choice of equation of state in addition to the timing uncertainty between the laser and the x-ray FEL probe (measured shot-to shot with ∼30 ps accuracy) and the shock velocity uncertainties (∼5%). Finally, single-shot measurements are averaged grouping shots sampling similar pressures and temperatures to obtain reliable XANES spectra for five (P ,T ) conditions (see Fig. 3 ). The total error bar ( P , T ) associated with each of the five averaged (P ,T ) conditions are corresponding to the quadratic sum of each single-shot error bars ( P i , T i ).
B. X-ray absorption spectroscopy (XANES)
Figures 5(a) and 5(b) show the complete set of measured XANES spectra for the thin Si crystal spectrometer (a) and the quartz spectrometer (b). The data sets provided by the two independent spectrometers are consistent. The XANES spectra are obtained by averaging from 5 to 19 single-shots acquisitions at similar thermodynamic conditions. The uncertainty ranges of spectra are calculated using photon statistic [24] . The XANES spectra at ambient conditions are measured just before the shock for each targets and are extracted following the same procedure as the shock XANES spectra, and averaged over the same group of data. They are systematically displayed for each pressure and temperature in Figs. 5 and 6. These ambient conditions spectra provide a test of the variability of the XANES spectra in the course of the experiment showing a good reproducibility. The different qualities of the ambient conditions XANES spectra are related to the photon statistics (number of accumulated shots and integration areas on each spectrometer). Furthermore, we point out that the body cubic center (bcc) spectra obtained at ambient conditions are in good agreement with standard measurements at synchrotron facilities [15] .
The XANES spectrum at 130 GPa (±13)-2780 K (±230) (group 1) shows a strong structuration in the pre-edge region, around 7.12 keV, indicated by arrows in Fig. 5 . At all the other conditions, at 260 GPa (±29)-5680 K (±700), 380 GPa (±30)-8120 K (±1400), 420 GPa (±50)-10 800 K (±1390), and at 12 GPa (±8)-4180 K (±350) (groups 2, 3, 4, and 5 in Fig. 5 ), we systematically observe the modification of the pre-edge region, characterized by the disappearance of the minimum around 7.12 keV, as well as by a change of the global slope of the rising edge.
III. DISCUSSION
A. Interpretation of x-ray absorption spectra
In order to better interpret the data, XANES spectra were calculated at the same pressure and temperature conditions as in the experiment simulating the different phases at each condition. This is possible due to the limited number of particles used in the simulation, around 150 depending on the phase considered. The calculated XANES spectra for a given phase were obtained by ab initio molecular dynamics simulation (ABINIT code) based on the PBE parametrization of the generalized gradient formulation of density functional theory. The XANES spectra at the iron K edge were calculated using linear response theory on several snapshots at the given pressure and temperature. The methodology of these calculations is further described in Ref. [16] . Figure 6(a) shows the calculated XANES spectra obtained considering a solid hexagonal close packed (hcp), a solid body cubic centered (bcc) phase, or molten Fe. In Figs. 6(b) , 6(c), and 6(d) we present a zoom in the pre-edge region of the experimental and calculated XANES spectra obtained at ambient condition together with the 130 GPa-2780 K and the 260 GPa-5680 K experimental data (groups 1 and 2) .
In Figs. 5(a) and 5(b) the XANES spectrum at 130 GPa (±13)-2780 K (±230) (group 1) presents a strong structuration with a pre-edge at 7.12 keV that was identified as an effect of the hybridization of the 3d-4p bands [17] . For iron, this feature can be associated with the hcp phase that has been well documented for instance at 20 and 78 GPa and predicted to remain in hcp iron up to the highest pressures [15, 16, 32] . Indeed, the calculated XANES spectra of hcp iron at 260, 380, and 420 GPa in Fig. 5 show the persistence of this strong preedge structure consisting of a minimum of absorption between 7.12 and 7.13 keV. In contrast, the XANES spectra calculated for liquid iron at the same pressure and temperature show that this feature disappears. This modification of the pre-edge is the signature of a change of the electronic unoccupied density of state. The pre-edge of Fe K edge is generally ascribed to the 1s-3d quadrupole transition, much weaker than the 1s to 4p dipole transition driving the main K-edge transition [17, 33] . In iron, the distortion from centrosymmetry allows the 4p orbitals to mix with the 3d orbitals (hybridization) and thus the observation of this pre-edge feature. For this reason, pre-edges in XANES are highly sensitive to the local ionic structure and are commonly used to determine local geometric structure as well as coordination number, usually determined by EXAFS techniques [33] . Calculations of the Fe p-projected electronic density of state suggest that this pre-edge feature is much less visible in liquid Fe than in hcp Fe [16, 17] at a given temperature and density (see Fig. 6 ). We emphasize that this damping of the pre-edge structure cannot be ascribed to a pure thermal effect as shown for example in Fig. 6(b) in which bcc, hcp, and liquid Fe were calculated at the same temperature. This effect might be more sensitive than the global loss of structuration in the extended x-ray absorption spectra, which can be inadequate because of the persistence of a short-range order in the liquid phase [34, 35] . Identical modifications of the pre-edge structure of iron have been reported in XANES measurements of molten iron in previous diamond-anvil-cells experiments [14, 32] . Moreover, we note that at 380 and 420 GPa along the Hugoniot (groups 3 and 4) and 12 GPa on the release adiabat (group 5), temperatures are far above any measured or calculated melting curve of iron. We therefore argue that, based on ab initio calculations and on previous literature data on laser-heated diamond cell experiments, the simplest interpretation of the structure change in the pre-edge consisting in the attenuation of the minimum between 7.12 and 7.13 keV observed in our data is due to melting of iron. In this interpretation, iron is identified as hcp at 130 GPa-2780 K condition (group 1, in blue in Fig. 5 ) and as mostly liquid Fe at 260 GPa-5680 K (group 2, in green in Fig. 5 ). This suggests that the melting line of iron would have already been crossed at 260 GPa (± 29)-5680 K (± 700) along the principal Hugoniot of Fe.
B. Iron phase diagram and discussion
If we consider that the change of the pre-edge in the XANES spectra allows us to distinguish solid or liquid iron, we can infer the nature of iron at the indicated points on the iron phase diagram in Fig. 7 . This is shown together with previous experimental and theoretical data. Our interpretation indicates that at 260 GPa iron would already be molten. Optical diagnostics coupled with hydrodynamic simulations give an associated temperature of 5680 K (±700) suggesting that the melting curve of iron is below 5680 K at 260 GPa (upper limit of 5915 K deduced from the error bars). Once error bars are taken into account, the observation of solid or liquid iron along the Hugoniot using the XANES criterion is consistent with most existing data or models about iron melting [1, 2, 4, 6, 11, 12] except for shock wave measurements based on self-emission diagnostics [8] [9] [10] , which gave a Hugoniot melting temperature of 6700 K at 260 GPa [8] .
A possibility for explaining this discrepancy is that methods probing bulk samples, such as x-ray absorption used in the present study, could be less sensitive to shock overheating than optical surface diagnostics that probe only the shock front. Indeed, shock overheating occurs when the temperature rises faster than the rate of atom rearrangement required for phase transition [5] . While optical diagnostics may probe time scales corresponding to the rise of temperature in the shock [4, 6, 36] , shock-waves experiments [8] [9] [10] [11] [12] [13] , and ab initio simulations [1] [2] [3] . The ICB pressure of 330 GPa is shown with a dashed blue line. front and therefore be more sensitive to kinetics, here we probe the bulk of the material a few hundreds of picoseconds after the shock breakout from Fe, when the overall sample is under compression and still presents uniform pressure and temperature. A more advanced answer to this question could be given by measuring directly the temperature from both optical and x-ray diagnostics as well as simultaneously detecting the melting with x-ray diagnostics.
To conclude, our results open new perspectives for performing ultrafast x-ray absorption measurements on laser compressed materials. We emphasize that this study provides new structural data along the principal Hugoniot of laser compressed iron by providing x-ray absorption measurements at the Fe K edge.
